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THE INFLUENCE OF PLASTIC DEFORAMTION ON
TEE TIME-DECREASE OF PERMEABILITY IN TRANSFORMER STEEL
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The peper gives the results of measurements of the influence

. of plastic deformetions in the time-decrease of permeability in hot
rolled transformer steel. In the first part measurements were performed
on gamples rolled in & mill. ‘The measurements showed a drop of time
decrease of permeability at large elongations and a maximum at small
elongations. In the second part measurements were performed on samples
stretched in a tensile testing machine. The results of messurements are
characterized by typical wavy shape of time-decreage of permeability.
The obtained results are connected with the variations of lengths of

the paths of impurities diffusing in the crystal lattice.
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on the time - decrease of permeabllity 1in

transformer steel
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2, Introduction

The purpose of this paper 1s to present some results of
measurements of the influence of plastic deformation on the .
time-decrease of parmeability in hot rolled transformer stael.

The former papers on time-decrease of permeability have shown
that this effect appears in a high degree in cores stamped out
from hot rolled transformer shests (approx. 44 Si, M2®2’700 GS/@@)lgB”%.
Time-decrease of permeability at low filelds is in the range of
2% hours and the relative change of permeability reaches 304,
The annealing of sueh ecores performed at low temperatures
(about 800°C) lowers the time of decrease of psrmeability to 7
hours approximately. But the annealing process in high temp-
eratures (about 1250°C - 1n hydrogen) practically erases this
offect reducing the time of decrsase of permeability to a few
minutes cuz'il;y2 53 ”‘%o

It is known from the basic research on the magnetic after-
effect in general and on time-docrease of permeabllity in
particular, that the essentlal cause of thess effects is the
diffusion of impurity ions in the crystal lattice of ferromag-
netic mat@ria1596o The technical ferromagnetic materials such
as silicon steel contain-as a result of technological process-
impurities which make the magnetic properties worse and cause
the aft@ra@ff@@t@

The internal stresses introduced by the impurity sBpuins are
one of the causes changing the magnetic properties, as the de-
crease of permeability for instance, External strasses intro-

duced by the external forces as well as thaeir permanent
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consequences in the form of plastic deformations, which remain
after the removal of these forces, produce the change of magnetlic
properties in a similar wayo. The plastic deformatlons are of ten
eancountered in practical applications of magnetic materials.
The deformation at the edges of stampings cut out from the
transfor@er sheets is one typical form.

The stampings with heavy deformations at the edges show a
high degree of time-decrease of permeability reaching 24 hours.
The deformations of this type appear frequently in transformer
cores in cases where annealing process does not follow. Therefore
it is essential mo'explain to what degree they affect the time-

decrease of permeabililty.

2. The methods of introducing the plastic deformations

As it was mentioned before the stampings cut out from sheets
of hot rolled silicon steel contain the plastic deformations
which chiefly appear at the edges of stampings. The material
inside is rather not deformed and thus the tests reported in
earlier publications had not treated the problem quite
correctly]'*?ﬁ’%o

It appears that the introduction of the deformations in the
whole bulk of tested material is necessary in order to check
the influence of plastic deformations on the time-decrease of
permeability adequately.

Two methods of introduction of such deformations were used.

The first one is that of stretching the samples (about 30 ca

long and about 5 cu wide)at a tensile testlng machine, while

gy,

et rseneRlERERl
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‘$he second consists of rolling them at a mill. However, the

resulting character of plastic deformation obtained is not the
same in both cases, although in both cases the elongation of
samples occurs,

The introduction of plastic deformations by rolling enables
setting them &% any angle to the axls of the sample along which
the magnatlc £ield is applied at the time of testing.

The samples thus obteinsed-demagnetized and left for a period
of time in which the permeability reached a constant value-were
put into a yoke., The tested sample was surrounded by two
windings which enabled the use of the transformer and bridge
methods of permeablility measurements in the range of low fields.

The measurements were carried out at the field intensity

L3

H = 20 @0e, usually applied to measure the magnetic properties
of Xow fieldsgo Such a high value of the field intensity, which
is essential in given conditions to obtaln sufficiently high
accuracy of measurements, obscures on the other hand to a certain
degree the investigated phenomenon,

Prior to the proper measurements of permeability as function
of time the yoke together with samples was demagnetized by means
of strong A.C. field gradually decreasing to zero.

The value of time after which the gsteady value of permeability

was first obtalned was defined as the time-decrease of

permeability t, .
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Tha Leasuroments were carried cut at the room temperaturse
{about 18°C),

The transformsy method of permeabllity poasurements 1s very
conveniont in cases when time of measurements 1s not too long
(docs not exceod cne hour). During such a period of time the
constant voltage and frequency of a generator may be easily
peintained. Because of the errors of indication this me thod
cannct asgsure the detection of a very small change of per- -
moability (lower thoan few per cent) which occur in a relétively
long pericd of time-up ©to about 2k hours. Such permeabllitly
changes can however be detected by means of a bridge method.
This method on the other hand is difficult in the caseﬂof
measurenents periormed immsdiately after demagnetization,; since
the time of bridge balance 1is long (several seconds and more)
egpecially at the beginning of the measurements,

We notice from the above discussion that the obtained value
of the time-decrease of permeability can depend on éhe me thod
of test. When applying the transformer method one should
expoct lower values of the time-decrease of permaability.

We should also emphasize the fact that another value is
which we are interested, namely the total increase of

reluctivity
S A
T, = Q(ﬁ)z <M«> /“-')

depends to a considerable extent on the first measurable

(1)

value of permeability @f. The normalization of the starting

time of measurement of 4% 1s essential for comparison of results
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of thes tuo methsds, since in transformer method ths measureasnt
points are obtalned ecariler than these in the bridgse methed. In
the measurements cited here we assume that 1% 1s determined st
30 seccads.

:wated materialy.

Moot of eur ®o nromeats pertain to the silicon steel in the
shago of hotersllsd factory annoaled sheets containing % ¢ .98
of siliconm eud heviag & total loss value Py = 1.08 - 1.3 W/kg
end poraeabllity value MonJP 700 Ga/08.

She influsnce ¢f field intensity on tho pormeabllity of this

mgtorial is shovn ia Pig. 1. The pormeability after demsgnetization
a8 o fanetion of time ie shown by the surve a in Fig. 2. The
perzeability hes becn messured h@wre by means of the bridge method.

Prom the curves shouwn we notice that & considerable effect of
time-docrsase of permeability is assoeiated with the characteristie
lowar bend of the function ¥ = @»(ﬁ) in agreement with Feldtkeller®s
p@p@x@e

Certain tests were also perforusd using samples annecaled im
nydrogen at temperatape of 1250°C during % hours. The time
docrease of permeabllity of such samples decreased Lo approximately
90 minutes (curve € - Pig. 2) while the permesbility value L2 the )
steady state inecressed gensrally up to more them 1000 Gs/Os
(Tebls I po8. 2)o

7ho cerbon contead in the cnacaled samples was im the' range o

0,623 while in the nesazecled samples wes a 116010 more (0.02600.630%1.

Approved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4

i

£
4
8
13
K]
¥
4
¢



.3 P P e ae
o < T
‘J&'\o-t“

' . Approved For Release 2908/07/01!:\ (;I_A-RDP80T0(_)2f‘3§A0‘052_0Q’_170002;4}7‘ o

The influence of plastic deformations, introduced by rollisdg
the samples on their time-decrease of permeability td and on the
total increase of reluctance ry was tested in the first part of
this work (Fig. 3). Msasurements psrformed on mmples cut from
shoats have shown the characteristic and typical drop of thse
time-decroase of parmeability for higher values of relative

elongations in accordance with the empirical formula:
te=a ()
a = £

Average coefflicisents @& and 4 for the tested materials are:

(2)

a=50 & 70 (sec)

§21,0 2 1.5
The above figures apply both to the measurements performed by
means of transformer method and by bridge method.

For small values of relative elongations the maximum of the
time-decrease of permeability tg appears in the region of

0.1 & 0.2% (Fig. ).

Although the transformer method of measurements shows the
lower values of the time-decrease of permeability than those
obtained by the bridge method, the position of maximum is in
both cases the sams.

Similar resulis ars obtained for the samples annealed in
hydrogen at high temperature.

s
vere given simultaneously. It appears from these figures that

ol @i)
In Fig, 3 and & the functions tf = fl(-z) and ry® f2 (_
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the total incrsase of reluctance Iy changes in a simliar vay

R - s i

ags the tims-decrease of permcabllity tdo

6, Testing of the gtretched gamples

In the second part of this paper we shall discuss the
inflvonce of plastic deformations i@tf@dm@ed by stretching
the samples on the time decrease of permeabllity %4 and on
the total inerease of reluctance ¥y. Msasurements were psr-
formed oa the same materlals as describsed before with the
differonce that in this part the tests were done on the same
samplies strained consecutively to the breaking point.

in Fig. 5 the results of the following measurements are
givens The time decrsase of permeability tdﬁ the total  increase
of reluctance ry and the relaftive olengation %g as functions
of the stregs producing the Qlﬁngationa In Fig. 6 these
regults aro shown for the sample annsaled in hydrogen in
high temperature but hoving lowored permesability. The fact that
in certaln cases the paermeability of hot-rolled transformer
gtool decrezses considerably after such an annealing is worth
@@nti@nl@o

The results of measurements shown in these figures are
charactoriged by the typical wavy shape of the time-decrease of
peresabllity i, end the total increase of reluctance r; as
function of stress,

We notice, that the time decrease of permeabdility as well as
the total increase of reluctance show simultaneous increase and

descrease as in the case of rolled samples. We can also state,
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that just besfore breaking of the sample the tested quantitles
dserease,

It should be emphasized that the results of measurements
given in Pig. 5 and 6 are obtalned by means of transformer
method, Comparative measuremsnts performed by msans of bridge
method showed similar periediecal changes of the tested gquantities,
bat differed in absclute valuss obtained.

7. Discnosicn of results

From the desepribed measurements 1t appsars that the plastic
deformations exert a significant influence on the time-decrease
of permoabllity. This offect depends not only on the magnitude
of deformations but alse on thelr character, The time-decrease
of permeabilibty ecorrespeonding to high values of elongations
obtailned by rolling decreases considerably and at low values
of clongations exhibits & meximum. Plastie @éf@r@&ti@ns
obtalned by strotching the samples affect the tested phenomsnon

B

in somevhat differsnt mannser. 7The time-decrease of permeability

undergoes pericdical changes and reaches valuegs both higher and
lover thon the primary value (doformations excluded).

As 1% vas already menticaned, the total lncrease of reluctance
Bq changes in a manner essentially similar to that of the tims- )
decreass of permeability. It should be observed that the total
increase of reluctance depends pot only on the magnitude of time-
decrease of permeability, but also en the value of psrmeability

in the steady stete. The gtresses introduced by plastie
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deformations have a considerably influence on the steady-state
permeability. When small elongations are obtained by rolling,
inepeased pevmesbility is observed iz{steady gtate (Fig. ®).
This effect 13 camsed by positive magnetostriction of silieon
gteel, I¢ appeers periodically in stretched samples.

In Tables I, II anf III the results of time functions
analyolis according te Rathenau are pr@seateﬁllg These data
show ¢het the censtants of relaxation increase and decrease
similarly ¢o the total btime-decrease of permeability. In
the vnanpealed samples the amplitude of gsecond relaxation Fya
prodominates gensrally. Phis quantity almost disappears after
annealing of samples and appoars again after introductien of
adeguate deformations. We may conclude that the plastie
degormations in certain conditlons weaken and im the others
emphasize the effeet of %im@%@@@?@aae of permeeblility. This
results wndoubtedly from variations of lengths of the paths
of impurities diffusing in the eryetal lattice of tested
materiel, Thesc paths depsnd however on the degree and on the

manner of the lattics deformation.
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Salicen Stesl Jabout 4,5% 831/,total core loss 1,05 W/ kg
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(( v SOME _PROBLEMS OF PHENOMENOLOGICAL THEORY OF FERRO- AND
' ANTIFERROMAGNETISM. '

s e sakhanst

S.V.Vonsovsky and E.A.Turov

(Institute of lietal Physics)Academy of Sciences,Sverdlovsk,USSR).

This paper prespentsfgeneral review of?godern state of phenomeno-
logical theory of ferro- and antiferromagnetism and the results of
some investigations of the augbrs in this field.

In the quantum theory of ferro- and antiferromagnetism there are
essential difficulties when attempiing to build the adequate micro-
scopic models.To receive quantitative or yet only qualitative results
one must make many poorly grounded simplifications,which lessen the
value of the results of the theory to a great extent.Therefore it is
very useful to try to avoid these difficulties and to create the
general phenomenological theory in which there would béfminimum of
all unproved model approximations.This would give a good chance to
formulate those questions,that have real physical meaning.

Weiss/l/was the first who long ago used this method in creating
his theory of ferromagnetism.This method was further developed in
the works of Van Vleckﬁgz/and Néel/B/,who created the theory of mo-
lecular field for antiferro- and ferrimagnetism.But the phenomeno~
logical theory of molecular field has only a limited application
(high temperatures).The physical nature of molecular field was un-
known when creating this theory.Therefore it is natural that the
physicists attemped to set up the atomic theory of ferromagnegism.
Ising‘s classikal atomic model/4/,which pPlayed a great role in the
development of the microscopic treatment of ferromagnetisnm shouﬁ be

the
mentioned here.The fact that the nature of, interactions between the

@
atomic magnetic moments still4remaiq§ unknown was the defect of this
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E_“ model es well as of the theory of Weiss.The physical meaning of this
; ' exchange interaction weas undersood only after works of FrenkellS/
‘ and H@isenb@rgKG/@
The prineipal approximation of the molecular field theory consists 3
in taking inte accoun# only the lomg range magnetic order.Therefore
it is only natural that attem@% to improve the Weiss®s theory were
mad@gcgnsidering the short ranmge magnetic order.The necessity of
this improvement resulted from the short range éharacter of exchange
interaction also,
A number of papers (of Peierls/s/and others/g/) in which the short
range correlation in spin systems were taken into accound using
different methods were published.But in fact these "improved" treat-—
ments in some respects worsened the principal positions of the theory
due to a greater number of rough model approximetions.However the
results of molecular field theory in spite of rough character of
approximations,gave good qualitative explanation of ferromagnetic
properities of matter.The solutiom of this paradox was possible after
- apvearance of exact thermodynamic treatment of‘ferromagnetismo
The fundamental works of Landau/Io/on the theory of phase transi-
tions laid the foundation for the beginning of creation of the con-
sistent thermedynamical theory of condensed mediums.His method
permitted to meke a base for all the correct results of Weiss’s theory.
and to build the exact thermodynamical theory of magnetic properties

ot matterxlo

§7bn@ of the authors/II/&nd Ginsburg/lz/first applied this method

to ferromagnetic phage tr&nsiti@ﬁsoﬂhe Laﬁdaﬁ&s method can be
eztended/II9IS/for the case of magnetic short range order WHAY the
help of statistical thermodynamics theory of the fluctuations.The
work of Zaitzev/I7/mus% be mentioned in connection with this problem

also.
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< The Landavu‘s method comsists in using the most general ideas of

group theory.The explicit form of the expansion of tﬁ?modynamic.po%ene

tial €in series by the power of small parameﬁ%) near the phase tran-

! blajned
sition points @{m-*~;ﬁn%

ved using the general symmetry conside-
rations.The magﬁetic state equation can be found from the gemeral
eonditions of thermedynesmic equilibrium.The recent work of Dzialo-
shinsky/13/can be mentlored as an example of great possibilities of
this method.The physical explanation of "®eak" ferromagnetism,for a
long time kmown in FeQQB and regently <found in a number of other
compounds ,was giver im that work.But the thermodynamic theory also
possesses some defects.Plrstly,it contains some phenomenological
conetants which require detailed information about atomic structure
of crystals.Secondly,the resultgs of this theory can be obtained only
in the narrow f%emperature interval near the phese transition points,
This results from the fact that only in this temperature range we
can be satisfied with the few first members in the expansion of
thermodynamic potential by the powers of small parametgs (magneti-
zation).Therefore it was nessesary to develop the theory to be applied
for the low temperature range.The wave functions and energy spectrum
of crystal electrons must be determined for complete microscopic
descripjion of thfsf substances.However this problem cannot be solved
practically.There is one impfirtant reason why the macroscopic bodies
eannot be in precisely stationary states besides the mathematical
difficulties due to great many degrees of freedom.The fact is thet
the breadth of energy levels,resulting from their quantum nature
(A B ~ g% ) is much greater than the splitting of these levels.
Therefore,it is necessary to use the quantumstatistical treatment
with the density matrix,for precise description of macrobodies.This
method was realized im the above mentioned work of Heisenberg/e/.

He subgtituted the true emergy spectrum of crystal electrons by
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statistical mean values - the energetic centers of gravitj.However
this method is a very rough approximation of quantum statistieal
treatment. It can be used only for descriptiom of the properties of
magnetics only in the region near (or more exactly,above) the Curie
and Néel points,like in the method of molecular fields.Therefore,it
is necess@ry yo develop a consistent quantumatetistical theory for
the wide range of temperatures including the very low ones.However
there is no such theory at present.But it is possible to mention
cases when we can use the quantum mechanical theory for macrobodies.
This may be done whemn calculating the ground state (the lowest energy
state) and ihe nearesi,weakly exgked states.For the latter case #e
the motion of complex macros%stems may be described w&iﬁ\high preci-
sion as the free gas of quasiparticles or elementary excitations.Iit
ig easy to find the energy spectrum and wave functiomns for this gas.
The method of quasiparticles was used in microscopic ferromagne-
$ic models poddddd w%iﬁwgreat success.But these models possess some
defects due to rough simplifications.In 1935 Landau and Lifshitél8/
gave the progrem for the generalization of the phenomenologﬁcal theory
of ferromagnetism for the range of low temperatures.Herring and
Kittel/lg/were the first to use thies method for creation of the pheno-

menologycal theory of spin waves (ferromagnons)x/o

20
Ferro-,antiferro-,and ferrimagnetics diffexr from all other sub-
stances by their atomic magnetic structure.This means,that magneto=-
active ions in crystals of these substances possess nonzeroc time
average values ofﬁspin or orbit magnetic moments ( <@%>% ).All thase
moments in ferromagnetics are parallel.Therefore a spontaneous resul-

ting moment appears in these crystals.In antiférromagnetics we have
£20A/ /20B/

X/Almo gee the works of Heller and Kramers and D8ring
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the antiparallel arrangement of moments with complete compensation
in each elementary cell. This compensation is absent iﬁ ferrimagneties
and therefore in these crystals nonzero spontaneous difference resul-
ting moment exists.And lastly in paramagnetics the time averege momentt
in all lattice points are gqual to zerox/.The space distributioncf(éz
can be given as g-function

TS ST (1)
In equation (I) the suméis taken over all lattice poinfs. & -functidn
is the analytic expression of discrete nature of crystals with magne-
tic atomic structure.But this kind of description is not always
necessary as can be seen from the Debye ‘s heat capacity theory.Thé
crystal can be regarded as a quasicontinous medium,if we take into
account only such modes of motion,in wich the discrete lattice struc-
ture i1s not important.This forms the basis for the phenomenological
description of magnetics.The term "quasi" emphasizes the fact that
we have the medium with the important properties of discrete crystal
atomic structure (crystal symmeiry elements,differences in types of
lattice points and in types of magnetoactive ions and so on).

The oscillating character of motions must be taken into account
when selecting the criterion for those degrees of freedom of crystal
at which the lattice behaves as quasicontinuum.If the characteristic
wavelength of thls mode of motions is much greater than the lattice
constant the crystal can be considered as quasicontinuum.A large
number of atomic particles simultaneously take part in these oscilla-
tions.Therefore they are of co-operative character,The transition
from discrete to continuous description is expressed mathematically

-—> -
by placing the magnetic moment density functions /%3 (%) instead of

F/It is essential to note,thé%.averaging is connected in our case

with time and not with physical infinitesimal volume.

Approved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4




=

A}

T Approved For Release 2008/07/01 ¢ CIA-RDP80T00246A005200170002-4 o e

2; ~function (I).The number of thésefunctions is determined by the

number of nonequivalent magnetic ionsx/in the elementary crystal cell, !
Each such function /Af‘(z) corresponds to dlfferent magnetic sub- j
lattices in the discrete description.
The functions /WJCZ) in the ground state of magnetic are conside-

red as uniform. /CEa .Such uniform "spreading" of magnetic moment
over the volume corresponds to completely ordered distribution of
the ayomic moments over the magnetic sublattice points The sTall
fluctuatlons of magnetic moment densities A/A1 /44LZ) /mJo,
arise a\ weak perthlUbations of the system.For solution of concrete
problems of theory one must know the equations of motion for magnetic
moment densities (classical ér quantum).At first we must find the
Hamiltonian gquﬁ)xx/of system as a function of these densities.When
determining the Hamiltonian we must use some results of Quantum
theory of magnetism and also the experimental data for the crystal
and magnetic atomic structure of the substanceg in question.These
data may be taken from X-ray and neutron diffraction experiments.

'Two types of terms can be expected in this Hamiltonian.First,the
terms resulting from the isotropic electrostatic exchange interactionpg
These quantum terms determine the very existence of bodies with the

magnetic ordered structure and also the temperature‘range of their

existence.Then the terms,caused by the aniéotropic magnetic (relati-

Yistic) int eractions .They determine mmmammaRhthmea it e

pbmpmet the orientations of the

—> :
magnetisations /M; in the crystal as wella as the behaviour of mag-
netic substances under different external influences (magnetic fields,

elastic stresses and so on).The ordér of magnitude of exchange terms

x/;l‘he ions,which cannof be transformed into one another in translatior
xx/
For the case of high temperatures it is the thermod%namic potential
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(’vIO"IBerg/atom) is much higher than of the "magnetic" ones ('VIO-I6?NWH§
erg/atom).Therefore the last mentioned may be considered as small
perturbations.

3.

Now,let @s usé the symmetry properties of magnetic crystals to
find the phenoménological Hamiltonian ?7655).The fundamental charac-
teristic of magnetic crystal,namely,its magnetic moment,is donnected
with microcurrents,and therefore with the particle velfcities.There-
fore in such crystals we must consider also the symmetry as to the
change of time sign ( t— -t : R -operationlzz/).Using this symmet-

Ty element we can determine the general criterion for crystals with

‘atomic magnetic strucﬁre.lf the R-operation is in itself the symmetry

element of the crystal (namely,it doesf’t change its thermodynamic
equilibrium state) then this crystal does not possess any magnetic
structure.In fact,by applying R to magnetizations /;E swe change their
signs:fzw-} =—;5ﬁ' .Since the crys&al state does not change under this
operation,the magnetisations also remain invariable (f;i‘ =-fiﬂ‘ )e
Therefore,there is only one possibility,i.e. that allfig éo;which
means that in this case the magnetic structure is absent.If on the
contrary,the R-operation isn’t the symmetry element of the crystal,

then the latter can possess some atomic magnetic structure.

I£ we know the atomic symmetry of crystal latticex/,we can find

x/Each crystal possesses a definite set of symmetry operations,which
transforms it in itself (rotation axgs,rotation-reflectbon axes,screw
axes,reflection planes,glide planes,and translations).They form the
80 called spase group of symmetry.The R-operation in itself ang in
different combinations Qith all others must be‘included in this group
in the case of crystal without ma%netic structure (paramaznetics).
Tavger and Zaitzev/23/made a detailed group theoretical investigation
of crystal magnetic symmetry,
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ments of each such statex/oUsing these considerations we can £ind

under whaq;onditions among different magnetic states the phase tran-
sifions of the first or second order take place/IO’Ie/.Sometimes not
only one but g great many magnetic states may correspond to the same

gset of Symmetxry elements.Then,if the crystal with definite atomic

all as well,

One must know the explicit form of Hamiltonian ;??}5] and its mini-
mum to find the conditions under which one or the other ordered magne-
tic state is realized.Cne shoudd make & number of notes here:

-_—
/ \ . . . N .
(a) o;(ﬁ@,’must rémaln invariant under all symme try transformatlons

is no reason for the change of ﬁy

(b) The translations over diﬂsta{ces multiple the period of elemen-
tary magnetic cell@;eavee all the ﬁ@' invariant.Therefore such opera-
tions may bve excluded.Hence the invariance of 9% only with resgpect
to all rotation and screw axes,reflection,and glide planes,and R- ope-
ration is required.

—_—

(¢) One must know the transformation rules for differentzii’ (the

of atomic symme try elements.Therefore the magnetic symmetry group

usually forms the subgroupd of crystal symmetry group.

' ‘ 4
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permutations P(I,2,..., V ) of different M for all symmetry opera-
tionsx/ The transformation properties of functions Mo’ include their
| axial character as well. |

i ) (d)The ex.pansiom% as a series of powers of /;’]: must contsin only
; even powers becduse of its invariance with respect to R-operation,

The most general form of expansion of W( V’ )is given by the formuls

A M M, g ap ar M DM |
; '}f ap Md° Még dPJ"S'MJo Mps D %3

27 @

P M Mip Mpw Mpd ——/-4_4/"1 Ha ‘ZM .
+Caﬁyé” Mio Mio Mjo Mio 2
PRI
| Here A Bapa.,)* and Cappd se-..are tensors of emergy density dimen-

@1on,independent of Za scaused by isotropic electrostatic and aniso-
tropic magnetic ilmteractions; A, are length dimension comstants of
the order of magnitude of lattice parameter. # , Bos & & o= AYR.
i éf pooeses }, , {j“ gesesas }‘,)- v-the number§ of magnetic sublattices
Mjo’-s - o —components of vectors /-‘3; Summation is made over all indiecee
occuring twice ia (2).The terms with the space derivatives %i:;“‘ deg~
cribe the deviatioms from the uniform magnetizaetion in the system.

In (2) we may be satisfied with the terms of second order only in de-
rivetives in the case of longwave oscillations.The ratios % for
each sublattice J are the directional cosines about the axes & .

Rear the Curie and Néel points the expansion (2) im fact is carried

out over small dimensiomless paremeter %ﬁ% ( MJo are the maximum

X/These permutations are caused by the mutual transitions of magnetic
ions from ome lattice point into another under the symmetry operations.
Dzialoshinsky/la/ was the first to point to this fact.Earlier it was
wrongly thoughl that different M; transform only independently from
each other under all symmetry operations.Only identical index permu-
tation was taken into account.All other permutations were not conside-

red,and this could lead to loss of important terms in St/

- - ) A e BRRS

>
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ground state magnetisations).The §§E= may be not small (~I) at low
o
temperatures.In this case,therefore, two additional problems of deter-

PR

mination of the system ground state ("vacuuml) and selection of ele-
mentary ex%tations arise.The magnetic field HJM describes the long

range part of magnetic iﬁteractions,which are not included in tensors
A,B,Cy.04s oIn general, i{“ must be found from the Maxwell’s equatiggé:

We can be satisfied only with magnetostatics equations wl‘/j =0 and !
D/;VE":%N//'V/‘—Z; ,if we neglect the displacement currenmts.If we take into
account the dipole interactior in the first approximation,we get the

expression for the magnetic field intensity
//yw% (AP g AR o/(V}

e ) - 2"

(3)
Here in the first term the integration is carried out over the volume
and in the second term - over the external surface of specimen®§( 7 -
is the unit lenght vector normal to this surface).The last term in (2)
is the magnetic energy with respect to external magnetic field f‘T .

4.

Now,let us illustrate this theory by two isomorphous rhombohedric
crystals Cr, Oy and «-Fe, 0, (the space group D,, ).In the elementary
celi there are four magnetoactive ions Cr"gor Fe+3p1aced along the

(% [111) -axis (fig.I)e.According to neutron diffraction data,the magnetic
unit cell coincides with»the chemical one in these crystals.

The following symmetry operations of paramagnetic stateﬂ/26’27/ ust
be taken into account when we want to examine the possibility of any
of magnetic states

20, 3% 1, 25 56, R (4)

: Here 03 are the third order axes parallel to [III] ;U2 are the second

order axes,perpendicular to [III] ,intersecting [III] in points "a"

o~

6rig.Ib); I an& S‘ are the inversion and the sixth order rotation-

reflection axes with respect to points "b" on [111) axis respectively;

Approved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4




e e e

P "-'-'\';-—u»
i

P

T Approved For Release 2008/07/01 | CIA-RDPS0T00246A005200170002-4
: -1I- '

e e e SR

64 are the glide planes with translation for one half period along

[IIi] axis and perpendicular to Uzaxes. _

Reutron diffraction experiments/24’25/proved the existence of two
antiferromagnetic structures for Cr,04 (fig.2a) and o -F@QOB(fig.Eb)
respectively.The third structure (fig.2c) is possible also.In the
fig.2 there are shown only the mutual magnetic moment orientations #¢ ’
diB I st dbadrd id/dAF¢ in sites of the cell.Most different oriemtations
/

of antiferromagnetic axie®/are possible as well (for example,along
the [II1] ,normal to [III] etc.).

The set of symmetry elements of given type of magnetic structure
must transform the unit cell moment distribution in itself.For instance
if im the cell there is the resultant moment ﬁT:%:(%%H- #0,1it must
remzain invariant under all of these operations.In all the magnetic
states of "a" and "b" types,among the allowable operatiome,there is
one complex I.R operation.dpplying it to 72 ywe get -7 swhich gives
M = 0 because of the invariance requirements.Therefore in "a" and
"e" afm structures ferromagnetism is impossible.This agrees whith the
observed properties of CrQOBQThe symmetry requirements allow three
possible variaties in the "b"-type states:(Ifthe afm axis coincides
wkith [III]: (II) the afm axis lies in the symmetry plane é; (its
orientatien in a; is determined from the minimum value of Hamiltoni-
an); (III) afm axis coincides with one of the U,axes,normal to [111)
(fig.3a,b,c).

In case (I) the symmetry‘elements are given by (é) with the eégptior
of R.Let us assume that there is the resultant moment i #0 in the
elementary cell.We can resolvelﬁf into two components: /%Z -parallel

—_—2

to the [III] axis,and /. -normal to /III] axis. /% is invariant

ijhat is the axis éiong which the magnetizations of sublattices are

oriented in both directions.

P P3
F SRR e - - s Ca e N “ T R - ¢
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With respect to C, transformoticu,:znd /2, - to U..Therefére the in-
- <

variance ofxﬁyzv%;+~9:(winh resvect o . oand ﬁ?) ic zcseible only
—>

if M = 0.Thus ferromagnetism is émpossible in afm structure (I).In

o -Fe,0; this is the case at T < 250°%K.

In (2)) the symmetry elemenis ares

7 ’ézland U, (formal to plane of fig.3Dd) (5)

-

These operations permit rotations of pairs of moments 81,3; and §;,
gs towards FEYE¥ide/¢¥¢digd one another from the plane of fig.3b.
This rotation creates a resultant momentﬁ? #0 along the Uzaxis.Theren
fore ferromagnetism is possible in this case.In —FeéOBit is obser-
ved as "weak! ferromagnetism in the temperature fange from 250°K to
950°K.

The structure (III) possesses the symmetiry elements

UR, I, 6, R (6)

These elements permit any rotation of moments é; (at equal angles),
causing the appearance of a resultant moment M #0,oriented in é;
plane.In o —Fezo3 this structure does not occur.

Now let ue comsider the isomorphous crystals FeCOB,MnCO3 and
GoCOBGThey are of rhombohedric symmetry type also,but they possess

+2 +2 +2

two magnetic ions Mn" “,Fe”“or Co

in the unit cell (fig.4).The sym-
meiry operations of paramagnetic state are given as before by (Q).
The U,axes intersect [III} axis at points "e¢" (fig.#).The j? and

éz must be taken with respect to "d" points.A translation for half
a period along the ﬁII] axis correasponds to the éi glide plane
(from lattice point I toward 2).0nly one afm structure (fig.2c) with
three possible types of orientations of afm axis (fig.3a,b,c) and
fig.5a,b,c) is possible in this case.It may be proved by analogy with
the above that for structure of fig.5a the ferromagnetism is impos-~
sible,while for those of figs 5b,c it is possible.The former occures

in FeCOB,and the latter is observed as "weak" ferromagnetism in MnCO3

e o " B o A LS 2 s oA *‘~-(_.-£;"' . . . ey 2 gl g i, - " . P g a e
R N A T SO SN 5 B 0 Soestbosain. 5 G U A & e T YRR
. A .

Appro!ved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4

N T T e




- .. vz - e
S Approved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4

e

i’ and Cec@3/14/.

The above mentioned theoretical svalysis permits %o determine

e e it Beel oS

whether any magnetic siructures are compatible with the given cryse

%al lattice eymmetry or nobt.in particnlar we got the general counelu-

eion ag to the poseiblility of eco-cxoistence of the whole set of BAZ

netie structures,
Je

Further iavestigatiens of Hamiltomien (2) are mecessery to exemine
the conditions of cecuwcnee of any of megmetic statos.Let us comsider
Fe,00q,MeC0, ,8nd oGOy ag&i@x/gF@r the symsetry opevatious (4) %he
indexz tremnsformaiions of densities }{ and ﬁg; ares

Coid=1,8-2; U472, F & 4122 &:122. 671
&) .(T),and axial properties of ;%§ vechorg,we £ind from (2)

¢ 0z axie [ [111) Y/, , C
Ij( A M Mdvd"év/‘é% Mg My +m(/’“’f,2 #’M&ﬂ) +714’?ii o Moz 7
Jd

s = £
2/ o

¢ b, .
o B (M Moy = Mox M) + 5 (09 M) g (0 M) (g

@

LT R H 2 ) (R )

I% is easy to prove,that eqe (8) are inveriasnt for all 8yIEME 5Ty 0De=
rations (3).The torms with A and Ay describe the exchange interaction
inglde and beiween the two magnetic sublattices.The terms with € and
@Z degeribe the influence of megnetization nom-umiformities.The terms
with B and BI determine the magneiic anisotropy inside and betweea
the subletitiees respectf@elyofhe term with D of the magnetic nature
also,was found first b@-Dzialoshim@%y/IB/oThi@ term is the direct

zjﬁhis is wvalid fox c*—FeZO3 also.
XE/I@ (8) we meglect all the terms of the order above the second,

while in the terms with M« only the terme of isotropic exchamge

ipteraction are taken into account.
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result of the transformations (7).The term with D determines the "weak' i

ferromagnetism and influences the resonance frequencies and their de-
- bPendence frpm external conditions as well,Though thig terng is quadra-
tic in ﬂﬁ s1t is different for different "unisxial" crystala/28/.For
example,in the case of tetragonal symmetry (Man)this term is not like
that in the crystal of rhombohedric system (Mncoz).

The minimization of Hamiltonian (8) is our next step.Using this
operatlon we can find the relations among the coefficients AsByoveosyo
These relations determine any of the admissible magnetic states of
given crystal symmetry.Here we must distinguish two'different cases,
namely,the casesg of high and low tvmperatures,
| 6.

The formula (8) gives the expansion of potential.q5 in series by ¥/

the powers of small parameter f%%‘ for high temperatures near the
d

phase tramsition from baramagnetic to ordered magnetic state.¥e intro-

duce two new vectors
- e —~> = by Ve
VV\:M,*MQ_ ) ,Z=/\/f}"M1’ (9)

ingtead of vectors,ﬁzs according to Dzialoshinsky/IB/,to show more
clearly the fm and afm components of magnetic structure,The vector
characteriigs the fm state while Z?’n the afm state.ie must also note,
that the ¢ vector determines the afm exis.Using eqe (9),and ombiting
the terms with ( VWA%a‘éﬁVﬁE =0 )and with the demagnetization effect
of sample surfaces,from (8) we find .
Pl fm £t bt thiny-fm) o £ e Ert o )
Here coefficients a,b,c,....are simply expressed by 4,B,C,.... from
(8).The terms with e and t are exchange invariants of the fourtn
order with respect to T'and HoIn the "main® exchange terms of eq.(IO)
"é'and”ai are positive in paramagnetic state.fherefore there is no

magnetic order for the minimum value ofsﬁ (#=0,1=0). e shall get a
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purely afm structure (EEO;T¥0 at E;O),if the coefficient "a" changes

its sign and"af remains> 0 at the point of phase transition between
the paremagnetic and ordered states and if we neglect the term with
,d:If we take into account the term with d,then for the minimum value
of‘#b sbesides the purely afm structure,there exist the structure
with [#0,i.e.the "weak" ferromagnetism of relativistic nature.This
ease is considered in detail in paper/IB/

On the comtrary,if at the point of phase transition the coeff%n%@

a change its sign and aI> 0 in both phases,then for the minimum value
of<¢> we shall get the fm state (#£0,1=0) of usual exchange type.In
this case it is possible to.get the admixture of "weak" gmtiferro-
magnetism of relativistic type also,if we take into account the term
with d.Indeed,wo find the solutions:(I) 1=0, 7 = 7 =0 and (II)

m, =0, 4z =0 and 'ff =-£-//% ’ 4 zﬁ‘//’& »if we determine the '
minimun of (I0) with givem m.In the state (I) we have ferromagnetism
with axis-of easy magnetisation along [iII] whithout the admixure of
weak antiferromagnetism.In state (II) the axis of easy magnetization
lies im (IXII) plane,but the magnetizations of sublattices are rotated |
at a small angle towards one another.Therefore the afm components
elong the afm axis perpendicular to vector & arise.It is necessary
to take into account the higher order invariants (with respect to

m, and rn} ),which determine the magnetic anisotropy in the (III)
plane,to find the orientations of vectors"ﬁ'and-i in the same plane.

The investigations of potential (I0) extremums determines the

character of phase transitioms among the different magnetic states,
if we take into account some further terms in the expansion of (I0)
(See/IB/).Let us note only,that the second order phase transitions
demand two conditions for these annsitions take place. (I) the sym-
'metry group one of phase must be the subgroup of the other phase,

y e PR S o TREES ety R
SRR RN § PO . L s WY
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(2) the expansion ofqﬁ> must not contain any third order terms of
small parameter.This is always the case for transition from paramag-
netic state to the magmetic ordered one/Io’IB/.In this case we have ) ?’5
the second #rder transitiom.In other cases more often we have the |
first order transition@,whéch dont require the fulfilment of the
above mentioned conditions.In particular this gEu¥¢ occurs in & -Feag
at 250°x/13/, | |

The invariants,conteining elastic stress tensor components,and
aelso their products by the sublattice magnetization components,can
be taken into account in the expansion of ?3 «The detailed thermo-
dynemic theory of magnetic ordered medium in the region of phase
transition points can be created,if we téke into consideration the !
external magnetic field effect.Essential displasement of phase tran-
gition points in magnetié substances can take place under the influ-
ence of external magnetic fielde and elastic stresses,which can
greatly change the maguetic crystal anisotropy.

Meny problems of thermodynamic theory of magnetic transitions are
investigated in the works of Soviet scientists/II 12,29, 48/(tempera--
ture dependence of spontaneous magnetization,curves ofs’giaprocess,
the influence of elastic strees,magnetostrihtion}and spontaneous
lattice strain,displacement of transition point,galvanomagnetic and
other kinetic effects near the Curie point,etc).The important result
of th&aé&nvestig&tions is the possibility to get the precise theore-
tical expressions for different phyeical quantities,as for instance, !

magnetization,magnetostriction ete.It is possible also to give rela-

‘tions among the phenomenologic constents,which can be proved by expe=

riments.
The terms with the gradients of magnetisation in(j) can be taken
into account in the comsidered temperature range also.This is impor-

tant for the calculation of magnetic long range order fluctuations
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_ near the phase transition points.Here these fluctuations (i.e. mag-

netic short range order) are relatively very great.This problem was
discussed in the work/II/a
Te
Row let us consider the applications of phenomenologic theory

for low temperatures.Pirst we shall describe briefly the general

spin wave method within the limits of this theory.

E The ground state and eigenfrequencies spectrum of weakly perturka
: states of the system,described by Hamiltonian (2),can be obtained
using classic motion equations for magnetizationa,ﬂg(ij,or with the
help of the method of second quantization,

The classic motion equations are

M= L], o
Here }t —~effective field,which acts on /@' and is determined from
/30/,
formula s . ‘QW
H = m %G ) (12)

The point om left hand side of (II) means the time differentiation;
ﬁ -magnetomechanic ratio (or more preciesely,the factor of spectro-
scopic splitting) for & sublattice,{' %P %  ,where /3 -Bohr“’s .
megneton, Ji h -Plank ‘s constant andt? ~Lande factor.

The equilibrium positions of vectors ﬂ@o are found from condi-
tioms ﬁ{ =0 or from minimum of Hamiltonien (2).Now let us suppose
fﬂ ﬁﬂ@ + Aﬁ4 and linearize the system of eqs (II) with respect
to deflections A,ﬁ1 .The solution of this system usually is carried
ont in the form A/Vg' ~4X/°[‘7“f*?iﬂ,where 4 -frequency,and K -vector of
quasimomentum,.The eigenfrequencies &) and the disﬁ}sion relations
for them & (#) are found if we take the system determinant as being

equal to zero,.

The method of second quantization,which ig the generalization

o of the well known Halstain-?rimakoff 8 method/31/ 4
sl - Approved For Release 2008/07/01 : CIA- RDPSOTO0R46A0052001700004
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more simple to use.This method has g number of advantages over the
classic method,because the zero point energy is taken into account.
The relaxation processes may be considered.This method is also
convenient for its "automatic® character.Namely,to get the disper-
sion relati@ns’Bg/,it is emough to find the quadratic form of sge-
cond quantisatiom operators.

Using the method of second quantizat;gn,the classic pseudovectors

-—

M,

following commutation rules/33/;A .
/\j\é%(ﬁi’) AJ’){(;{’) 'VM";(('Z’,) Mdg’(f) =W'MJ5 3:;;'3(1“74 g?kc‘ (13)

+ .

must be replaced by the operators ﬂgéiv sWhich satisfy the

where /NA' = gé[% -The second quantization operators 44 and /: N
given by formulal31’34/ N
/O\J»q = (x4 Mo )‘/s ({4 A +f‘63(4'),
' S
(i M) (£ 47-4%F), (14)
0. 1. .
P = Mo A (ol-m G4 o T
can be introduced,if the own coordinate gystem OX Y Zéis chosen
for each sublattice & »80 that OZ axigﬁis parallel to quantization
axis of ﬁﬂ vector (i.e. along classic /” vector).The mean values
of magnetization deflections are relatively small: (/lfa/Ja, id/%z\>¢
K /4 sbecause of the initial assumption that the system perturbatiogi
are wealk. Inserting (I4) in (I3),it is eagy to see,that operators
v/, and / agree WgIY with the Bose commutatiom relstions

vy +,
49 -4 - iy §07-2) (15)

- It is necessary to pase to one common coordinate system OXYZ,con-

nected with the crystal axes.This transition is made by using the
table of directional cosines Dap;

M =2 éz,% - (16)

The whole hamiltonian of the system can be represented as a series

H = Y, a”{‘*u*%*-'- (17)
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~1G=
+ 0 J -+J- J. )
by introducing the Fourier-components {f and %{ of /1 and 4
r;;pectively .Here ;? is the » -order term with respect to Operatqrt
&

and K7J

fhe groumnd state,or the equilibrium values of &Qk at TuOOK,can t

be found by minimization of the zero order term F? (independent
from ‘fy and éﬁ ) with respect to directional cosines.The first
order term QZ in (I7) 1s identically equal to zero for é&; .There~

fore the ground state can be also found from the condition Qf =0,

The term ?% cau be presented as the sum of individual elementary
excitations - spim waves,after reducfing diagonal form.This term
determines the magnetic selfoscillation spectrum in first approxi-
mation.The higher order terms in (I7) ( ;g etc) describe the "col=-
lision® proggeesses among spin waves (ferromagnons,antiferromagnons).
The different kinetie phenomena in magnetics can be investigated,
using this YHLFFY¥/ terms,

8,

The case of uniaxial ferromagnetice with the eagiest magnetize-
tion axis along 0Z,influenced by external field/?> of arbitrary
magnitude and orientation,may be taken as a concrete example.This
probler was investigated in a number of works/I9 31/(for the cage

M, ///f )oIt is known,that for A/ 0z there exists a critical field

h% sWhich is determined by magnetic anisotropy energy,and by which
the rotation of vector ﬁ? towards the field is accomplishedg.The
dependence of field h& (= HalT) ) from T was not taken into account
/19, BI/Qhowever,WQen calculating the temperature change of the mag-
netization curves (at H ¢ H, ).This dependence //A (T) is due to
temperature change of the equilibrium poeition of /Ci si.e. from

the temperature depemdence of anisotropy constant.Therefore,the

following expressions for functions /Wﬁf77 were found/aslfor Loz,

o
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Mo (T) = M) =008 75 (F7) 2] 5 (no )

(I-exchange interaction parameter),

Thereore the theory predicts the increas; of magnetization (at

H ¢ fﬂ: ) with the rise of temperature in the unsaturated ferro-
magnetics.Such effect is observed in common polycrystallic samples
as well.However the rise of magnetization in the latter case is due
not only %o facilitation of rotation processes,but alse of the dis-
placement processes of domain boundaries in ferromagnetics.,

9

Now,let us comsider the ferromagnetics with two magnetic sub-
lattices,the megnetizations of which in the groumd state are anti-
parallel and are mot equal %o each others M, # My, .The resultani
magnetization 1s not zero and is equal to Mo = Moo and directed
along the field H at I'= OEK The spin wave spectrum is given by

g) Y fears)toal ] (55 (18)

if we do not comsider the magnetic terms in Hemiltonian (isotrepic

ferromagnetics).Here
2¢. =/l ‘A ki ) ﬁ)/% L, d4e)
d /A/'J'a S ’ ’ (19)
!/L/ ) , y
b ¢ L/_/—s% (A7 C""/\Z)
0 iz

AH_QCMa~phenomenological constants of exchange interaction.The ferro-
magnetlic and exchange resonance frequencies may be found from (18)
at k=0.0ne can easily see,that the spin wave energy (I8) is 3in 14..

near dependence from k (at H=0) under the condition
M | My (20)
MM

This fact is characteristic for the afm state.Formula (20) permits

e

the existence of the resultant magnevization,l.e.ferromegnetism
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ag well.Indeed,from (20) it follows: 4
M, , (21)

}b

Mg, =My =M, =
where Ap 7 M-M), wediMem) and M, = 1 (My+My,) .Therefore,on the one
hand the compensated spin antiterromasnetism occures,because,ﬁfi =
,V;é; according to (20) (/Zt and ég‘ -numbers of magnetic icns and
their spins in sublattices,respectively).On the other hand the non-
compensated "orbital" ferromagnetism appears,cqused by the different
g-factors of ions in different sublattices.This may result from the
existence of different ioms with :3’¢sz in the sublattices.The

2/ -factors nevertheless can be different in the case of identical
1ohs,if thése ions occupy nonequivalent sites with different type

of nearest neighbourhood in the lattice.We obtain

-, (1, 2) ha2 VA . 2 1% [ "
& iK) 2{ [t fﬂzhj) Fe il «,»/,, J i"tf (22)

for the spin wave energy of this "orbitFal" ferromagnetism (using
€qs.(I8),(I9) and (20) at O = 'y )eEere & ¢ “'”fé ,and A -effectiy
exchange field,I-constant defined by exchange coefficients AI2 and
C;jt from eq.{I9).The temperature and field derendence of magnetiza-
tion can be calculated by using the spectrum (22).This dependence
is (under condition afy»i%”hfyﬁﬁ]%

MITH) = M (T) « X (T)H . (23)
Here M, -spontaneous magnetization,which is equal

AM . /Miﬁs ‘/4,722/ f2[|_)
"HS :7)5 }{T/vlaﬁ./- /2/,‘,’0 73 ] A

and_X’ - susceptibility (znalogous of /Q: in antiferromagnetics),

o

which is equal %o e
oy MExT)
NT) = (25)

S 4

Therefore,tae spontanﬁou magnetization in tkhis case follows the T2

law,and not the T3/2lav as in ordlnury ferro- and fe”rl‘agnetlcsx/.

x/The Tzlaw for spontaneous magnetization of ferrites,discovered

in the work/BS/ls valid in that .case ( M3 4{.u and j/;ja e
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It should be noted,that the part of magnetization,which depends

upon the temperature

Wl PR ,
A M‘T‘ :—"--——"3"'"/;3‘1.7—’) ( %4’»7/5 ‘4#)

changes its sign at the field M=j %/, .
I0.

Now,let us comsider the case of antiferromagnetism.The atomic ¥¥

theory of antiferromagnetism is based upon the supposition,that

there exists an ordered ("checkered") alternation of "right" and
"left" ion spin compoments in the crystal lattice points,.The entirely
definite spin orientation is ascribed to each ion.This is in contra-
diction with quantum mechanics,because the individual ions cannot
possess definite spin componentis,owing to exchange interaction.This
difficulty does not exist in phenomenological theory,in which one

use only the symmetry properties of afm crystals.

Only one natural afm axis (trigonal,tetragonal or hexagonal) existe
in the uniaxial afm crystals.If we omit the higher order terms,which
describe the anisotropy in the base plane,then the Hamiltonian will
be the same for all these crystals,with the exception of the terms
with D (see €q.(8)),which may be different.For instance,this term
& has the form /% (M.,(/"?,'g -M.,M,J) in tetragonal crystals (Mnl?'2 type and
the like).This expression is not the same as the term with D in (8)
for the rhombohedric crystal.The terms with D must be taken into
account in some cases,thogh they have nof great influence upon the
generalvcharacter of magnetic properties of uniaxial antiferromsgne~
tlcs.For the details of calculations the readers are referred to the

original papera/36’37’38/.Here we shall mention briefly only some

resulta,connected with the consideration of the term with D.Let the
| external field H be parallel to OZ axis.Then the afm axis A will be
normal to 0Z axls at the fields greater than the threshold value

i - (H>H, )eIf the term with D is considered,there appear the magne-
Approved For Release 2008/07/01 : CIA-RDP80T00246A005200170002-4
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tization components A4LAWZM°£?3perpendicular to 0Z axis (end ﬁ},
besides the z-components of magnetisation W&=mefvwzz='2/4vﬁg
(7

proportional to external field E:Here S =:£% -is the "Dzialoshin-
sky field".The magnetization ﬁlin $the first approximation is inde-
pencet from the external field and is of the same relativistic na-
ture as the "weak" ferromagnetism in X -Fe203 (see n%.6).Let us note,
that in general M, &« M, ,since f,> Ha ,because H_ is deter-
mined by the mean geometrical value of exchange and magnetic ener-
gies and HD is determined only by maznetic energy.The spin wave
spectrum and the afm resonance frequencies are determined in the
paper/BG/QThe splitting in thies spin wave spectrum remains even at
4=0,if we take into account tne long range dipol-dipol magnetic
interaction.ilowever,this splitting is relatively small,because the
constant "magnetic addition" is always small in comparison with the
exchange interaction term.

The term with D influences the resonance frequencies in a different
ways for rhombohedric,and tetragonal crystale.ln the former case
v :,u[Hf‘ﬁqéjﬁ,wH,and in the latter 4u=,Vf:ﬂ;f.)z”ﬁg:rz
The energy 2aps are different in the various branches of antiferro-

magnon spectrum.The resonance frequencies have different dependen-

- >
-

ces from the magnetic field in the state A 1A  at H; 0z and H.iCZ.
The temperature dependences of mognetic susceptibilityéé and
gpin heat capacity were calculated in the paper/36/for various
orientations and magnitudes of magnetic fiellg ,using spin wave
spectrum,The anisotropy of thaese dependences was determined in the
paper/Bg/oSome of thi&se deductions are in good gualitative agreement
with the results of the experiments of handel and other/4o/.The
theoreticael conclusion as to tae relationbbetween the narts (denen-
de¢né€ on temperature) of perwvendicular and narallel susceptibilities

of uniaxisl antiferromagnetics ic of interest.This denendence has
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the following form A_}:ivdf:':'x'rz X/.The present exnerimental da-
ta,unfortunately,are insufficient for verification of this quantita-
tive conclusion of spin-wéve theory. -
IT.
Finaly,let us cite the resulte of the calculations of.spin-wave
specirum,of resonance frequencies,and of temperature dependence of
magnetization for "weak" ferromagnetics,like —F3203and MnCO3 for

/41/

low temperatures .iere two branches of gpin-wave spectrum were

~

N

found also

. o Tl
- () t/ S o ! 2
Z(k) 1[/“ it IZ)/!*‘LK..‘ (26)
5
RS N T P wi )]s The b T
(1) :Zﬂiidafﬁ6cﬁbfﬁli+[k’f : (27)
tive all Symbeis ave the same 4S5 n refecorcg 9.
HeD9vOQbAaamb8lGv&l&«ih&A&&M&o&ﬂAMﬂAﬂge.At k=0 the resonance frequen-
cies are ' ,
VIR
hv, = u R )T (23)
- 2 , 4 ; 1’/Z
W= w4 eHaFy+H) | (29)

The frcquency V, in (28) corresponds to the usual fm resonance,when
the easy magnetization axis of uniaxial crystal lies in the base
plane.The formula (28) in contrast with that of Kittel/49/contains

the Dzialoshinsky field H, instead of the magnetic (uniaxial) ani-

D
sotropy field HA.TO explain the experimental datd for fm resonance

in A_-Fe203/“2/it is necessary t§ take into account ,perhaps,the mag-
netic anisotropy in the base plane/43/. The second resonance frequen-
cy (29) lies in fhe shorter wave-length region.This frequency corres-

ponds to the usual afm resonance.iAs far as we know,this resonance

was not observed in « —Fe203 as yet.

- RS )

. L S s <. .- —~ -r . .
FPor the temperature intervel M/, S x 1< w7 (&, -Neél voint),using

the spectrum (25) and (27),we find:

MUT ) = M 0) 0+ XUT)H =X Ty by v ) (30)
x/Here A =x{7) -X'(¢) ;the lower index indicates the orientation
-
of magnpf‘! 7ind £is1A T eand tha nnner dinday - the mntnal arientation
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Here /45 —the spontaneous magnetization,which is equal to

H 2

M, (T) = Mgz (12T | (1)

£ .
and X -susceptibility (analdgous to_Xi of antiferromagnetics),
which is

Y, -2“/1’ ’ 2
(T) = 7 ’-o('T

X(T) = == (1-=T") (32)

» -constant.The coefficient < in (3I) must be substituted by 3« ,

if the threshold field H_  is so great,that pully > 2T > m A,y
Thus the spontaneous moment of "weak® ferromagnetism follows the

Tz-law instead of the T3/2law like the "orbital" ferromagnetism

. rekgene |
\see'eﬁ9).Borovic-RomanoV' and Orlova/14/

got the two-term formula
analogous to (3I) for IvinCO3 and CoCOB.Unfortunately,one can speak
only about the qualitative agreement between theory and experiment
at present.lesurements in the lower temperature range for more de-
tailed verification of thies thecry should be made.iiowever this
checking is reasonable only if there is no paase transition from
the '"weak" ferromagnetic state to pure antiferromagnetic one (like
in -Fe203) in these substances.

It is interesting to note,that "the Uzialoshinsky field" HD,which
is egqual to f?é ym2y be independently determined,mcasuring /M and

X

and comparing the above value of Hy with HD found from resonance
experiments.

The comparison of Sormula (32) for susceptibility of weak ferro-
magnetics with the respective formula for_)i ythe usual in case of
entiferromagnetics in AL ;f state,siiows that tihey are similar.
This fact may help to distinguish easily the weak Terromagnetism

. r(""“ tnlx
of the "transverse" type 68634Hﬂ9) from the "longitudinel orbitel"
one.rvhe linear dispersion law for spin-wave enerzy is realized for
all "weak" ferromagnetics asg well as for the antiferromasnetics:

<

- v [ =g . .
s k) ix (at ¥ T >> 4 E, ,where ' £, -energy zap for the spin-wave
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excitation).Therefore the spin neat capacity must e sropertional

to TJ.The formulae for this heat cazpacity are the same as those Fomnd
in the case of antiferromagnetism’/ 7/,

I2.
In conclusion of our renort we must note,that the phenomenolozical
theory can be applied with considerable guccess not only to a zreat
numnber of problems of magnetic phenomiena,but to the s0lid state

nhysics as a whole,as well.ve cannot mention,of course,all tadése

9]

problems in this report:the pihenomenological treatments the problems
of interaction of magnetic and elastic properties of ferro~ and
k3 . ol 459457 o0 .y £ o3 ey : -

antiferromagnetics stne preblems of interaction between spin-

waves and conducting electrons in transition rmetals (s-d - exchange
/46,34/ . e o Oreat o P

model ),etc,may be mentioned here.Great advantages of strict

thermodynamical treatment for explanation of many important oroblems

of magnetic phenomena from all the above stated are now quite evident
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